Generating photon pairs via spontaneous parametric down-conversion (SPDC) in nonlinear crystals is important for a wide range of quantum optics experiments with spectral properties such as their bandwidths often being a crucial concern. Here, we show the generic existence of particular phase-matching conditions in quasi-phase matched KTP, MgO:LN and SLT crystals that lead to ultra-broadband, widely non-degenerate photon pairs. It is based on the existence of group-velocity matched, far apart wavelength pairs and for 2 mm long crystals results in SPDC bandwidths between 15 and 25 THz (FWHM) for photon pairs with the idler photon in the technologically relevant mid-IR range 3-5 µm and the signal photon in the NIR below 1100 nm. We experimentally demonstrate this type of broadband phase-matching in ppKTP crystals for photon pairs centered at 800 nm and 3800 nm and measure a bandwidth of 15 THz. This novel method of generating broadband photonpairs will be highly beneficial for SPDC-based imaging, spectroscopy, refractometry and OCT with undetected mid-IR photons.
Over the last few decades, spontaneous parametric down-conversion (SPDC) has served as the standard workhorse for the generation of photon pairs in numerous fundamental experiments and demonstrations of photonic quantum technologies, which now touch upon relevant real-world applications. A standard technique to implement SPDC is using a second order nonlinear material, typically a nonlinear crystal, pumped by a laser to generate pairs of photons. The photons' central wavelengths and bandwidths depend on the spectrum of the pump laser and the phase-matching characteristics of the nonlinear crystal. Beside standard phasematching techniques like birefringent phase-matching, quasi-phase-matched (QPM) MgO-doped Lithium Niobate (MgO:LN), potassium titanyl phosphate (KTP) and stoichiometric lithium tantalate (SLT) crystals are widely used due to the flexibility offered by QPM and the possibility to access the largest component of these crystals' nonlinearity tensor.
For a number of quantum optics applications relying on SPDC, a large bandwidth of the generated photon pairs is crucial. The spectro-temporal modes of broadband SPDC have recently become a topic of renewed interest [1] , with the spectro-temporal entanglement of biphotons naturally yielding a large alphabet for quantum communication and quantum key distribution [2] . Broadband SPDC sources are in addition highly relevant for frequency multiplexing [3, 4] which enables multiplexing into a single spectral mode without current limitations of spatial mode switching.
Other examples where widely separated, broadband photon pairs would be highly desirable are recently developed SPDC-based methods with undetected photons for imaging [5] , spectroscopy [6] , refractometry [7] and optical coherence tomography (OCT) [8] [9] [10] . Specifically, these techniques allow one to measure optical properties of an object at the idler wavelength, while only detecting photons at the signal wavelength. Thus no detectors or laser systems at the idler wavelength are necessary. This entails a significant technological advantage when the idler wavelength is chosen in a regime where both (detectors and lasers) are technologically problematic. An example of this are measurements in the mid-IR regime, which offer the highest potential for useful applications of these schemes by choosing the signal wavelength in a spectral region like the VIS or NIR where high-performance detectors, cameras, spectrometers and optical components have orders of magnitude better performance, at a fraction of the cost.
For spectroscopy and refractometry, a broad bandwidth is desirable because it enables the investigation of the properties of the sample over a wider spectral range. For OCT, a broad bandwidth is essential because the axial resolution is inversely proportional to the spectral width. Furthermore, a broad bandwidth enables spectrally resolved imaging (hyper-spectral imaging) and thus label-free functional imaging [11] .
In general, in order to generate very broadband SPDC, different techniques can be used. The most straightforward method is to use very short crystals, which, however, comes at the expense of a severely reduced total brightness which scales inversely with the crystal length. Another method is to use degenerate quasi-phase matching (type I or type 0) which automatically leads to broad spectra, which can be further broadened via the use of chirped quasi-phase matching [12] . However, a chirped grating again comes at the price of strongly reduced brightness.
To increase the spectral bandwidth in general for second-order nonlinear interactions like second-harmonic arXiv:1907.05959v2 [quant-ph] 1 Aug 2019 generation (SHG) or difference-and sum-frequency generation (DFG, SFG) several other approaches have also been reported previously. One approach is to alternate the quasi-phase matching period along the length of the crystal. In [13] , this allowed for an increase in bandwidth by a factor of 15 in Lithium Niobate (LN) waveguides, achieving bandwidths of approximately 4 nm in the 920 nm regime for the degenerate case. In [14] , noncollinear interaction is combined with degenerate quasiphase matching and group-velocity matching for SHG. In [15] , broadband near-degenerate type-0 difference frequency generation in LN is proposed using quasi-phase matching and group-velocity matching. They expect an idler bandwidth of 500 nm in the 2 µm region. In several other publications, e.g. in [16] , collinear near-degenerate broadband interactions using quasi-phase matching and group velocity matching have been proposed. In [17] an approach similar to the one discussed in the present paper was used for broadband optical parametric amplification of signal pulses, matching signal and idler group velocities in LiIO 3 . They investigate numerically the resulting spectra at a single fixed pump wavelength of 800 nm for several crystals. In [18] , similar measurements are performed for LN using parametric amplification in the communication band. In [19] , non-degenerate broadband type-0 and type-I phase matching is proposed, matching the group velocities of pump and signal.
Here, we show ultra-broadband phase matching for SPDC that relies on group-velocity matching widely non-degenerate signal and idler wavelengths, realized by collinear type-0 quasi-phase matching. It is widely tunable through tuning of the pump and the crystal temperature. We give numerical examples for the three most widely used crystals KTP, MgO:LN and SLT, with quasiphasematching enabling flexibility in the choice of idler (or signal) wavelength. These demonstrate the possibility to generically generate large bandwidths exceeding 15 THz for a wide range of central mid-IR wavelengths between 3 and 5 µm for suitably chosen signal and pump wavelengths and corresponding poling periods. As mentioned above, this is a very important spectral regime. Furthermore, we experimentally confirm our predictions with experimental results for a 2 mm long ppKTP crystal phase-matched for collinear SPDC with photon pairs centered at 800 nm and 3800 nm, achieving an ultra-large bandwidth of 15 THz. The method is patented [20] .
To understand the possibility for ultra-large bandwidths at such widely non-degenerate signal and idler wavelengths, it is instructive to re-derive how the SPDC bandwidth depends on the crystal dispersion properties: For quasi-phasematched SPDC, the pump (p), signal (s) and idler (i) frequencies obey energy conservation: ω s + ω i = ω p . The normalized spectrum of the signal/idler photons I(ω s/i ) for a crystal of length L and a monochromatic pump (p) as a function of the phasemismatch ∆k is given by [21] :
with ∆k defined by
where Λ is the poling period. m is the QPM order which is an odd integer number. Here, m = 1 for maximum efficiency. Using the crystal dispersion n(ω), which can be modelled by crystal-specific Sellmeier equations given in the form of n(λ), one can express ∆k as:
For given pump, signal and idler wavelengths one can explicitly calculate Λ to achieve phase matching where ∆k = 0:
In order to maximize the bandwidth of the idler and thus also the signal photons, it is necessary to minimize the change of ∆k for a fixed pump frequency when changing the idler frequency. In first order this is equivalent to requiring
where ω i0 is the central frequency of the idler spectrum. From energy conservation (keeping the pump frequency constant) it follows that ∂ω s /∂ω i = −1 and therefore:
This means that matching the group velocities v g,s and v g,i and thus the group indices of signal and idler, a large and in first order diverging bandwidth can be expected in SPDC. We call this condition signal-idler group-velocity matching.
a.
b. c. Three equations, eq. (3) for an arbitrary but fixed ∆k equal or close to 0, eq. (6) and energy conservation have to be fulfilled at the central idler frequency. They contain four free parameters: λ p , λ s0 , λ i0 and Λ. This indicates that one of these can be chosen freely, allowing to find solutions for broadband nondegenerate SPDC. To demonstrate that such solutions indeed generically exist in crystals offering QPM, the cartoon in figure 1 depicts the typical behaviour of the refractive index and the group index of crystals such as KTP, MgO:LN and SLT. The striking feature is that the group index typically has a minimum in the infrared, allowing for matching it on both sides around it, which enables highly non-degenerate groupvelocity matching solutions.
The bandwidth can be increased further by choosing the poling period Λ such that at λ i0 , which should be about in the centre of the idler spectrum, ∆k deviates slightly from 0. Due to the group-velocity matching, ∆k has an extremum or a saddle point at this wavelength. The linear term of the wavelength dependency of ∆k vanishes at this wavelength. If the second derivative does not vanish, ∆k has an extremum. Therefore, ∆k can usually be approximated by a parabola in the vicinity of this wavelength. If ∆k has a minimum at λ i0 , ∆k has to be shifted slightly below 0, if it has a maximum, it has to be moved slightly above 0. It follows that ∆k becomes 0 at one wavelength below λ i0 and at one point above λ i0 if the parabolic approximation is good enough. If the deviation of ∆k from 0 between these two points is small enough, the created power between and slightly beyond these points is nearly as high as for perfect phase matching, which increases the bandwidth further. To show the possibility to achieve very broad bandwidths in the mid-IR by matching the group index on both sides of its minimum and using QPM, we have calculated numerically the expected down-conversion spectra for KTP, SLT and MgO:LN at room temperature.
For KTP, the results are shown in figure 2 . Three possible v g -matching points are depicted in figure 2a, the corresponding created idler spectra in figure 2b and the v g -matched signal and idler wavelengths in figure 2c.
All calculations are for type-0 phase matching with the highest nonlinearity, i.e. all three interacting beams have z polarization (extraordinary for MgO:LN and SLT). For calculating the group-velocity matched phase-matching solutions and corresponding spectra in KTP, the Sellmeier equations by Fan et al. [22] were used for pump and signal and those by Katz et al. [23] for the idler. For MgO:LN, [24] was used, for SLT [25] . Due to the lack of Sellmeier equations for long wavelengths, some of the calculations for MgO:LN and SLT exceed the guaranteed validity range of the Sellmeier equations by at most 0.65 µm in the infrared. We assume that they still give reasonable results in these regimes. The Sellmeier equation for MgO:LN is valid up to 4.0 µm, the formula for SLT up to 4.1 µm. All calculations were done for room temperature and a crystal length of 2 mm and without detuning of ∆k from 0 at the central idler wavelength. For KTP and SLT, the minimum of the group index is at 1.81 µm, for MgO:LN it is at 1.92 µm. The signal has to be below this wavelength, the idler above. Examples for broadband phase matching solutions can be found in table I. Here we detail the signal and idler bandwidths, the minimum and maximum signal and idler wavelengths, and the corresponding pump wavelengths and poling periods. For all three crystals, poling periods between 18 µm and 25 µm are typical, which is technically not problematic. Depending on the parameters, the numerical results show signal bandwidths between 29 nm and 98 nm and idler bandwidths between 700 and 870 nm. Signal wavelengths between 760 nm and 1150 nm and idler wavelengths between 2.9 µm and 4.7 µm are typical. Typical pump wavelengths are between 650 nm and 820 nm. The possible idler wavelengths are limited by the absorption of the crystals which starts at 4.5 µm for KTP, 5 µm for MgO:LN and 5.5 µm for SLT [26] . Absorption is not included in our calculations.
To demonstrate experimentally the possibility to generate very broadband SPDC with idler light in the midinfrared using QPM and group-velocity matching, we have tested a KTP crystal with appropriately tailored poling periods for a 660 nm cw pump laser, see figure 3 . The crystal has two adjacent poling periods, 20.00 and 20.45 µm. One can choose the poling period by shifting the crystal perpendicularly to the beam. The 20.45 µm grating generates a bandwidth of about 32 nm in the signal between 783 nm and 815 nm at 40
• C, corresponding to about 730 nm bandwidth in the idler between 3.47 µm and 4.20 µm. This agrees well with the theoretical prediction, see the bottom row in table I, and even exceeds the predicted bandwidth slightly. In case of the 20.00 µm grating, ∆k is detuned from 0 at the central idler wavelength, thus creating an even wider spectrum. It achieves a bandwidth of approximately 55 nm in the signal between 775 nm and 828 nm when heated to 150
• C using an oven, thus achieving a bandwidth of about 1200 nm in the idler between 3.25 µm and 4.45 µm, corresponding to 25 THz.
We have presented a phase-matching technique that generates very broadband non-degenerate SPDC using signal-idler group-velocity matching. Specifically it allows pair generation with the idler in the technologically relevant mid-infrared, while the signal below 1100 nm can be easily detected with silicon detectors. This technique can be applied to all crystals for which quasi-phase matching is standard, including KTP, LN and SLT. For a 2 mm long crystal, a bandwidth of 700 nm to 870 nm between 2.9 µm and 4.7 µm is typical, which we show both numerically for three crystals as well as experimentally for ppKTP.
The spectral ranges of the examples provided in table I are of particular practical relevance for measurement techniques using undetected photons [6] : The example idler wavelengths span part of the spectral range relevant for the identification of many plastics and gases. Mid-IR light can also penetrate strongly scattering samples like ceramics and certain plastics more deeply than VIS or NIR wavelengths, which is relevant for example for OCT [27, 28] .
Furthermore, we anticipate that this technique can be straightforwardly extended for additional flexibility: It can also be applied for polarization combinations other than type 0 phase matching and can be tuned using temperature and angle tuning.
We expect that this phase matching scheme for SPDC will find a broad range of applications, e.g. spectroscopy and OCT with undetected photons, frequency multiplexing and quantum key distribution.
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